Abstract. The Molonglo Observatory Synthesis Telescope (MOST) has been monitoring the candidate Galactic black hole binary system GX 339−4 at 843 MHz since 1994 April. We present the results of this program up to 1997 February and show a possible correlation between radio and X-ray light curves.
Introduction
The low mass X-ray binary GX 339−4 was discovered by the OSO-7 satellite in 1973 (Markert et al. 1973) . It has been classified as a black hole candidate primarily because of the similarity of its X-ray emission to that of the canonical black hole system Cyg X-1 (bimodal X-ray states: high/soft and low/hard) and because of rapid variability in its X-ray and optical emission (e.g., Makishima et al. 1986; Miyamoto et al. 1992; Nowak 1995) .
GX 339−4 exhibits four distinct X-ray states, three of which were initially identified by Markert et al. (1973) : high, low and off. The high state is characterized by an extremely soft spectrum (kT = 1-2 keV) accompanied by a hard power-law tail, the low state is described by a single power-law hard spectrum, and the off state is in fact a very weak hard state (Motch et al. 1985) . Recently an intermediate state between the low and the high states has been reported (Mendez & van der Klis 1997) .
The optical counterpart was identified as an 18 mag star (Doxsey et al. 1979; Cowley et al. 1991) which was found to be highly variable, with V ranging from ∼15.4 to >20. Photometric data revealed a 14.8 hour modulation which has been attributed to the orbital period (Callanan et al. 1992) . Emission from the accretion disk has dominated the spectra making it difficult to obtain a definitive estimate for the mass of the compact object (Cowley et al. 1987) . Distance estimates vary from 1.3 kpc (Predehl et al. 1991 ) to ∼4 kpc (Makishima et al. 1986 ).
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Simultaneous optical and X-ray observations have shown quasi-periodic oscillations (QPOs) at mean periods of ∼10 s and ∼20 s (Motch et al. 1983) in the X-ray low state (see Tanaka & Lewin 1995 and references therein) . The relationship between optical and X-ray fluxes is not well understood. For example, in 1981 Motch et al. (1983 found anticorrelation between the 1-13 keV X-ray and optical fluxes, but correlation between the 13-20 keV X-ray and optical.
The discovery of a variable radio counterpart (Sood & Campbell-Wilson 1994) initiated the monitoring program at 843 MHz undertaken with the Molonglo Observatory Synthesis Telescope (MOST) which is the subject of this paper. Fender et al. (1997) observed GX 339−4 at high resolution in 1996 July with the Australia Telescope Compact Array (ATCA) at a wavelength of 3.5 cm and reported the detection of a jet-like extension to the west of the source. Subsequent observations in 1997 February failed to confirm this extension (Corbel et al. 1997) . Both Fender et al. (1997) and Corbel et al. (1997) report a flat or inverted radio spectrum.
Observations and Data Reduction
The field of GX 339−4 was imaged by MOST at 843 MHz at irregular intervals from 1994 April to 1997 February. The journal of observations is given in Table 1 . In order to maximise sensitivity we observed in non-multiplexed mode (Robertson 1991) , giving a field size of 23 ′ ×31 ′ and a synthesized beam of 43 ′′ (α)×57 ′′ (δ) at the declination of GX 339−4. Most observations were full 12-hour syntheses (1796 24-s data samples) but several shorter integrations were found to be acceptable for estimating flux densities. Editing of the raw data was necessary to remove terrestrial interference. For completeness we list the final number of data samples (N samp ) in Table 1 .
A CLEANed and self-calibrated image was formed from each synthesis observation using standard procedures (Cram & Ye 1995) . Position and flux density calibration was based on short scans of a number of strong unresolved sources before and after each synthesis observation of GX 339−4. Experience has shown that this procedure is correct to <1 ′′ in position and ∼5% rms in flux density (Hunstead 1991) .
The AIPS task imfit was used to fit a gaussian to each image at the known position of GX 339−4. In a few cases where imfit failed to converge (sequence numbers 16594810, 16594813, 16594822, 16594823, 16594828, 16594829) because of a marginal detection, we used the task tvstat to measure the flux density. By integrating over two concentric regions centred on GX 339−4 we were able to correct for non-zero or sloping backgrounds.
In order to minimise systematic errors we then refined the flux calibration by using imfit to measure peak flux densities for three reference sources S1, S2 and S3 (Fig.  1) in the field of GX 339−4. All three were found to be unresolved, and to show the same trends with epoch, so we adopted the summed flux density for scaling the flux density of GX 339−4, on the assumption that the MOST calibration was correct on average over the monitoring pe- Table 1 ). The reference sources used for the final flux density calibration are marked, and the beam is shown in the lower right corner. The weak negative north-south feature in the image is a grating response from an off-field soure.
riod. The rms scatter of the correction factors was ∼5.2%, consistent with expectation.
The rms noise level in the vicinity of GX 339−4 was estimated from the statistics of regions ∼500 pixels to the south and west of GX 339−4. We have adopted the mean rms noise level (in mJy/beam) as the flux density error for each epoch, and for setting a limit for the non-detections.
The final corrected flux densities and adopted errors are tabulated in Table 1, while Table 2 gives the imfit positions and flux densities of the three reference sources. The truncated Julian date (TJD) is defined here as TJD = JD − 2400000 and specified at mid-observation. Note the fall in rms noise between 1994 and 1995, resulting from the installation of new pre-amplifiers as part of the hardware upgrade of MOST. Figure 1 shows a deep image of the field of GX 339−4 obtained by co-adding selected images from the full dataset (see Table 1 ). The background noise level of 0.3 mJy/beam rms includes contributions from weak sources, low level Galactic emission and telescope artifacts. There is no evidence for any prominent extended radio emission which might be associated with GX 339−4, in contrast to a similar montage of the field around GRO J1655−40, comprising images taken before, during and after the weak May-June 1996 outburst (Hunstead et al. 1997) . Table 2 . Positions and mean flux densities for the reference sources from the co-added image in Fig. 1 .
′′ ) (mJy) S1 16 58 18.62 ± 0.14 −48 40 50.6 ± 0.9 9.1 ± 0.3 S2 16 58 16.64 ± 0.18 −48 36 30.6 ± 1.3 8.0 ± 0.4 S3 16 59 13.64 ± 0.09 −48 52 26.5 ± 0.6 28.5 ± 0.6
Comparison with X-rays
A relationship between hard X-ray and radio behaviour has been established, though not well understood, for the two well-known superluminal radio-jet X-ray binaries GRS 1915+105 and GRO J1655−40, and between soft (1-6 keV) X-ray and radio emission for Cyg X-3, also known to exhibit milliarcsecond radio jets (Spencer et al. 1986 ). In GRO J1655−40, the radio outbursts appeared to follow flaring episodes in the hard (20-400 keV) X-ray emission with a delay that varied from a few days to two weeks (Harmon et al. 1995) . On the other hand, GRS 1915+105 exhibits correlated hard (20-100 keV) X-ray and radio emission (Foster et al. 1996) , with a clear but complex association between the soft (2-10 keV) X-ray and radio (15 GHz) emission (Pooley & Fender 1997) . Watanabe et al. (1994) report that radio outbursts from Cyg X-3 occur only when it is in the X-ray high state, i.e. the mean soft X-ray flux is greater than usual. McCollough et al. (1997) show that during the quiescent radio state, the hard Xray (20-100 keV) flux of Cyg X-3 anticorrelates with the radio (15 GHz) flux, whereas during radio flaring states the fluxes are sometimes correlated. In addition, a clear correlation between soft X-ray and 15 GHz radio emission has recently been revealed, e.g. Fender et al. (1998) . Therefore, while there are obvious connections between radio and X-ray emission from black-hole candidates, no uniform pattern of behaviour has so far emerged. Figure 2 shows the final calibrated MOST light curve, together with the RXTE/ASM 1 and BATSE 2 (C. Robinson, priv. comm.) light curves. For clarity the X-ray light curves have been resampled into 4-day bins for XTE and 6-day bins for BATSE, using the IDL command rebin. Contrary to previous results (e.g., Sood et al. 1997 and references therein), we find a possible positive correlation between the X-ray and radio emission. Figure 3 is an overlaid plot of the radio and soft Xray light curves covering the best sampled overlap region (1996 May-Sep). Unfortunately, there was no radio coverage during the rapid rise in the soft X-ray flux (beginning TJD ∼ 50270), so we cannot pinpoint the exact time of the increase in the radio flux density. However, it is interesting to note that the radio light curve tracks the X-ray Fig. 3 . An overlaid plot of the GX 339−4 MOST and RXTE/ASM (2-10 keV) light curves on an expanded scale. The X-ray data points represent one-day averages (1 ct/s ≃ 13 mCrab). The arrow at TJD ∼ 50277 marks the epoch when Fender et al. (1997) reported a possible radio jet-like feature from ATCA observations. curve quite closely, both before the small flaring episode and during the maximum and decline. Figure 4 shows flux-flux plots of the MOST and X-ray light curves spanning the time interval from 1996 March to 1997 February. The X-ray datasets were averaged or interpolated to the mean epochs of the MOST observations, and a simple linear fit was applied. The resultingχ 2 goodness-of-fit (15 d.o.f.) was 0.41 for the MOST/RXTE fit and 0.99 for MOST/BATSE. The Spearman rank correlation (ρ) was computed for the two radio-X-ray datasets using IDL's r correlate. For the MOST and RXTE data, ρ is 0.82 and the two-sided significance of the deviation from zero is 5.4 × 10 −5 . The corresponding values for the MOST and BATSE data are 0.82 and 4.9×10 −5 . These results indicate that radio correlates well with both hard and soft X-ray intensities over a time interval of nearly 1 year. In addition, given the limitations of the radio sampling, there appears to be no evidence for a radio-X-ray time delay for the event near TJD 50290. On the other hand, it is obvious that the first four MOST points (TJD ∼ 49500) do not correlate with BATSE so there are clearly other factors affecting the radio output at that time. One possibility is we are witnessing the decay of a much bigger radio event that may have been associated with an earlier BATSE outburst at TJD ∼ 49400.
The fact that the ATCA 3.5 cm observation , at TJD 50276.79, was made just after the rapid rise in RXTE flux (Fig. 3 ) encourages speculation as to the possible origin of the reported radio 'jet'. On the one hand it may be a real feature linked directly to the X-ray and radio increase, while on the other it may be an artifact introduced by phase errors in the telescope or changes in source flux density. The Fig. 4 . Flux-flux plots of (a) MOST and RXTE, and (b) MOST and BATSE data over the interval TJD = 50150-50500. In each case the straight line is a least squares fit to the data points.
latter effect has indeed been seen in a MOST observation obtained on 1997 July 22 in which an apparent elongation of the image was clearly due to a variation in the flux density of GX 339−4 within the 12-hour integration period.
During the 1998 January high state transition observed by RXTE, beginning at TJD ∼ 50820, both the MOST and BATSE fluxes fell to zero (R. Fender, priv. comm.) . This is very similar to the behaviour observed in Cyg X-1, where transitions to the X-ray high (soft) state are accompanied by a corresponding decrease in the radio flux density (Tananbaum et al. 1972; Braes & Miley 1976) , presumably related to changes in the state of the accretion disk. Furthermore, in the low state the X-ray and radio fluxes of Cyg X-1 are roughly correlated (Pooley et al. 1998, in prep.) , as they appear to be in GX 339−4.
